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Since June 1961 magnetic fields of natural origin in the 5 to 20 c/s frequency range 
have been recorded in Kingston, R.I. The experimental equipment is described briefly, 
and results are presented. Variations with time of the first resonant frequency of the 
earth-ionosphere cavity are indicated, and effects of solar activity are discussed. An anal- 
ysis of the envelope of recorded wave trains shows only fair agreement with existing theory. 



1. Introduction 

In 1952 it was suggested by Schumann [1952a] 
that the eartli and ionosphere may together act as 
a cavity resonator for electromagnetic waves and 
that the first resonance should occur at 10.6 c/s. 
RefinenuMit of the Iheorv [Schumann, 1952 b and c, 
1954, 1957J incHcated that losses due to absorption 
by the ionospiiere or radiation through the iono- 
sphere should reduce the resonant frequency hy at 
least 1.5 c/s. Experimental evidence for the exist- 
ence of the first resonant mode was reported first 
by Schumann and Konig [1957] and, in considerably 
more detail by Konig [1959]. 

The theory of ELF resonaiict^s was moi'e recently 
discussed by Wait [1960 a and h], and experimental 
evidence for the existenee of the first and highei* 
resonant modes, based upon jneasurenuMits of elec- 
tric fields, was presented by Balser and Wagner 
[1960 a and b]. Their results were also applied by 
Raemer [1961] to the calculation of an ionospheric 
loss parameter which is a function of the height 
and the conductivity of tlie sharply bounded iono- 
sphere assumed in the first order theory. Additional 
experimental results were published recently by 
Konig [1961 a and b], by Maple [1961], and by 
Lokken, Shand, and Wright [1961]. 

Since May, 1961, we have carried out measure- 
ments in this frequency range (8 to 20 cycles), first 
on the University of Rhode Island campus, and, 
since June 28, 1961, on an electromagnetically 
''quiet'' field site located a few miles from Kingston, 
R.I. Our main object was originally to establish 
whether data obtained at a location in the conti- 
nental United States bear any resemblance to the 
records obtained by Konig in Munich. Like Konig 
we are using equipment with a relatively low upper 
cut-oft' frequency (20 cycles), and our analysis thus 
far has been based upon visual examination of indi- 
vidual wave forms recorded on paper tape. It will 
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be shown that such examination of individual noise 
bursts may be very useful in addition to spectral 
analysis of noise averaged over several seconds or 
minutes. 

Results, thus far, clearly indicate that relatively 
strong sinusoidal oscillations occur in the 7 to 10 c/s 
frequency range, that the ''resonant" frequency is 
not constant with time, that certain characteristic 
wave shapes occur frequently, and that activity in 
this frequency range is increased during jnagnetic 
storms. 

2. Instrumentation 

The receiving equipment is located approximately 
1,200 ft from tlie nearest 60-cycle overhead line; it 
consists of two uulependent, identical chamu^ls, each 
of wliich is nnule up of a receiving coil and suitable 
filters and amplifiers. The overall frequency re- 
sponse of the entire system, including tlu^ pick-up 
coil, is shown on figure 1. 

Each of the receiving coils (fig. 2) consists of 
249,000 turns of number 38 isomel insulated wire 
wound over a length of 2% in. on a bakelite tube of 
1.092 in. o.d. Iron cores are used wdiich consist of 
a 1 x ^Yu X 11 in. stack of 0.014 transformer lamina- 
tions. The self-resonant behavior (due to distrib- 
uted capacitance) of each coil is indicated by figure 
3; the response shown there was obtained by insert- 
ing the pickup coil into a long solenoid driven by an 
ELF oscillator and noting the voltage across'^ the 
pickup coil on a vacuum tube voltmeter which has 
an input impedance of 10 megohms. Resonance 
occurs at 175 c/s without iron core and at 80 c/s with 
the iron core. 

After amplification and filtering the signals arc fed 
to a Sanborn 2-cliannel recorder wdiich is operated 
at a paper speed of 5 cm/sec. The voltage gain 
between the output of the receiving coil and the 
input of the recorder is 23,000 at 10 c/s. At this 
frequency an axial magnetic field of 4.25 (10~0 
ampere meter"^ at the location of the pickup coil 
produces a 1-v signal at the input to the Sanborn 
recorder. 
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Figure 1. Response of receiving system {from coil input to 
recorder input). 
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3. Characteristics of Data 

Data have been recorded on the Kingston field 
site since June 28, 1961. At first records were only 
obtained in the afternoon (3 PM EDT— 1900 UT) 
and only on one channel. On August 17 a second 
channel was added permitting simultaneous record- 
ing of noise picked up by two coils, one with its axis 
oriented in the north-south direction and the other 
oriented east-west. Since the installation of the 
second channel, recordings have usually been ob- 
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Figure 3. Response of pick-up coil. 



tained three times per day for at least 2-min periods: 
in the early morning (1300 UT), in the afternoon 
(1900 UT), and at night (0200 UT). All records 
were examined visually to establish the level and 
the frequency of periodically varying signals and to 
note other characteristic features. Results were re- 
corded in tabular form and plotted where appropriate. 

Sections of rather typical recordings are shown on 
figure 4a, b. In addition to irregular wave shapes, 
both records exhibit clearly sinusoidal oscillations 
which last for several seconds. The records of figure 
4b also are very similar in appearance to the 'Hype I^' 
signals identified by Konig [1959] in Munich. The 
frequency of oscillation can be established by count- 
ing complete cycles between second markers (vertical 
lines). Time increases from right to left on all 
records. Records marked N-S and E-W were ob- 
tained with the coil axes oriented, respectively, in 
the north-south and east-west directions. The lower 
records on 4f, g, i, and j are the output of a 9-cycle 
filter having a 3 db-bandwidth of 1 cycle. 

Figure 4b exhibits the characteristic modulation 
pattern which could possibly be due to the interfer- 
ence of two very closely spaced frequencies or could 
simply represent the onset and decay of individual 
lightning strokes. This pattern is even more clearly 
apparent on figure 4d and unusually pronounced on 
figure 4e. 

Occasionally — not more than once in a period of 
several weeks — a sinusoidal 6 c/s signal appears, as 
on figure 4c, which has the same type of modulation 
envelope as the higher frequency signals. This is the 
wave shape which has been identified as ^^ pearl oscilla- 
tion'^ in the literature [Troitskaya, 1961; Tepley, 
1961]. 

Local thunderstorm activity produces either ex- 
tremely irregular, nonsinusoidal signals, figure 4f, 
or signals characterized by sudden onset as on the 
right of figure 4g. Under '^normaP' conditions, 
that is in the absence of local thunderstorm activity 
and in the absence of solar disturbances, the level 
of signals recorded at night, such as shown on figure 
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Figure 5. Mean amplitude of received sinusoidal noise (7 to 12 c/s). 
(Ordinate is multiplied by 10^) 



4h, was considerably lower than the level noted 
during daylight hours. It was often difficult to 
establish the existence of individual wave trains 
at night. 

During several magnetic storms considerably 
increased activity, higher average level of received 
noise in the 8 to io cycle frequency range, and rather 
irregular wave shapes were noted: figure 4i, j, k. 



The connection of geomagnetic activity, solar 
^ ^sudden commencements, '' and increased level of the 
8 to 10 c/s noise is also apparent from figure 5, where 
signal levels recorded in July 1961 at 3:00 PM local 
time (1900 UT) are shown together w^ith dates of 
sudden commencements and dates and durations of 
geomagnetic disturbances. A similar correlation 
seems to exist for geomagnetic events which occurred 
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in the latter part of September; detailed analysis 
of this period will, however, have to be postponed 
until the pertinent issue of the NBS ''Solar-Geo- 
physical Data'' [1961] becomes available. 

The most prominent frequency of sinusoidal 
oscillations is not constant and seems to exhibit 
both short-time variations — apparent from figure 4 — 
and longer period trends which require observation 
over several months. Figure 6 indicates that for 
data recorded in the afternoon, the most prominent 
frequency appeared between 9 and 10 c/s in July, 
between 7 and 10 c/s during the second part of 
August, and between 8 and 11 cycles on the north- 
south channel and between 10 and 13.5 c/s on the 
east-west channel during the second half of Sep- 
tember. It may be pertinent to note that the second 
part of August was a very quiet period in terms 
of solar and geomagnetic activity. 

4. Individual Wave Shapes and Resonance 
Behavior 

The frequency spectrum corresponding to impulse 
excitation of the earth-ionosphere cavity has been 
given by Schumann [1957] and Wait [1960a] 



E{ic^)=K[ic^+a{icoy^'}{ic^) 

i: Pn {cos d) 



2n+l 



92 = 



(^l—o:^+a{io)) 



3/2 



(1) 



where K is a constant depending upon the strength 
of the exciting source, the distance, h, between the 
earth's surface and the assumed sharp lower bound- 
ary of the ionosphere, the dielectric permittivity of 
the air space, and the earth's radius. The quantities 
o)n correspond to the resonant frequencies of the loss- 
free cavity as given by Schumann [1957] or Wait 
[1960a]; for example, coo=0, coi--27r(10.6), and 
co2=27r(18.3). Losses in the ionosphere which de- 
pend upon the conductivity, a, of the ionospheric 



reflecting layer enter into (1) together with the 
height, h, as the parameter a: 



~h{cji,y 



(2) 



In the neighborhood of the first resonance 
(coi = 2x 10.6), and for sufficiently small a the series 
of (1) may be approximated by its first four terms. 
If one employs reduced variables 



u=- 



COi 



5==- 



(3) 



(4) 



E{u)=^^^{BCD+?^ACDQOsd+2.b{?>Qos' 6-1) 

ABD+3.5 cos 61(5 cos^ 6-3) ABC} (5) 



wiiere 



— 8uJ^+i8u J: 



A=—u 

B=l+A 

C=2.9S+A 

D=5M+A 

^= angle between source and point of 
measurement. 

The resulting frequency spectra \E(u)\ exhibit 
clear maxima at '^resonant'' frequencies which are 
lower than the frequency /i = 10.6 c/s {u=l) which 
would be obtained with a loss-free ionosphere. On 
figure 7 these spectra are plotted for several values 
of the loss-parameter a, and for ^=45° which cor- 
responds to the assumption of excitation in the 
equatorial thunderstorm belt when recordings are 
made at temperate latitudes. 
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If the spectra arc to be compared with experi- 
mental results, they must be corrected for the re- 
sponse of the receivin<>- (equipment, figure 1; and 
they must also be shghtly modified to take into 
account tlie spectrum of individual lightning strokes. 
Following Racmer [1961] we use for this purpose the 
curve of figure 8. The resulting curves, which difi'er 
only slightly from those shown on figure 7, may be 
approximated in the neighborhood of the frequency 
u[ (where maximum amplitude occurs) by 



E{u)-=e 4F- e-iA(.u-u,)^ 



(6) 



In this expression k is determined by fitting the 
curves of figure 7 as corrected above. A single pair 
of values u[ and k correspond to each value of the 
loss parameter a. A and U2 depend upon the phase 
of E{u) as given by eq (5); these parameters can 
be evaluated by computing the phase variation of 
E{u) in the neighborhood of u[. The frequency U2 
where the spectrum E{u) assumes zero phase lies 
usually below u[. Since k is a measure of the width 
of the resonant curve, it is simply related to the 
cavity Q for the first ro^sonant mode. It is easil^^ 
shown from eq (6) that 



Q= 0.425^- 



(7) 



The values of resonant frequency u[ and of the 
parameter k which were obtained from (5) and its 
approximation eq (6), can now be compared witli 
experimental results. The time function cori'(^s|)on{l- 
ing to (6) is 

j{^to^;^==^e-^ht.,-A)^ cos{<(^a;i-^)+$}. (8) 

Thus, the envelope of individual recorded wave 
trains should be determined by k and the frequency 

should be u[^=u[{lO.^) if the receiving equip- 

ment admits only frequencies in the neighborhood 
of the first resonance. It is, of course, assumed 
that the spectrum of an individual lightning stroke 
does not deviate too much from figure 8, and that 
the model of a single-layer, sharply bounded iono- 
sphere is valid at frequencies of the order of 10 c/s. 
On figure 9 values of k are plotted against u[ for 
several values of a, for (9=0°, ^=45^ and (9=180° 
(solid lines). The crosses on this figure show the 
results obtained by taking ten samples of frequency 
and wave shape from the records of figure 4. It is 
apparent that for values of u[ larger than about 0.8 
(^'resonant" frequencies greater than 8.5 c/s) fair 
agreement exists between theory and recorded wave 
shapes, particularly if one considers that the actual 
spectrum of individual lightning strokes — as opposed 
to the average spectrum of figure 8 — is unknown. 
Six of the experimental points on figure 9 would 
correspond to values of the loss-parameter a between 
1.2 and 4. Four points, corresponding to resonant 
frequencies between 8.00 and 9 c/s, 0.76<^;<0.85, 
seem to indicate a lower value of k (or higher Q) 
than predicted by eq (1). 
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Figure 7. Spectra of impulse excited earth-ionosphere cavity. 
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Figure 8. Spectrum of sequence of return strokes in a lightning 
flash {Raemer and Williams) . 
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Figure 9. Calculated and experimental values of wave enelope 
parameter k. 

It is also apparent from figure 9 that the two 
points at '?/J =0.565 (^ ^resonant' ^ frequency 6 c/s) are 
far removed from the theoretical curve. Either a 
different phenomenon than the excitation by light- 
ning of the earth-ionosphere cavity is involved at 
6 c/s, or eq (1) is invalid for the large values of the 
loss-parameter a which would be required to reduce 
tlie resonant frequency by a factor of 0.565. 
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5. Conclusions 

The existence of comparatively strong natural os- 
cillations in the 7 to 10 c/s frequency range which 
was first noticed by Konig [1954] has been confirmed. 
The ^^resonant'^ frequency is not constant; it exhib- 
its short-time variations and possibly also longer 
period trends. Signals at night are considerably 
weaker than during daylight hours and stronger 
than usual during periods of geomagnetic activity. 
A preliminary, approximate analysis of wave shapes 
and frequencies within individual noise bursts gives 
close enough agreement with the existing theory to 
warrant further, more detailed work along these 
lines, including careful statistical analysis of a large 
number of individual wave trains. The examina- 
tion of envelopes of such wave trains allows evalu- 
ation of a parameter which would be lost in simple 
spectrum analysis of the received noise. 
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